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Abstract: The relationship between alcohol consumption and glycoconjugate metabolism is complex and multi-
dimensional. This review summarizes the advances in basic and clinical research on the molecular and cellular
events involved in the metabolic effects of alcohol on glycoconjugates (glycoproteins, glycolipids, and proteogly-
cans). We summarize the action of ethanol, acetaldehyde, reactive oxygen species (ROS), nonoxidative metab-
olite of alcohol — fatty acid ethyl esters (FAEEs), and the ethanol-water competition mechanism, on glycocon-
jugate biosynthesis, modification, transport and secretion, as well as on elimination and catabolism processes.
As the majority of changes in the cellular metabolism of glycoconjugates are generally ascribed to alterations in
synthesis, transport, glycosylation and secretion, the degradation and elimination processes, of which the former
occurs also in extracellular matrix, seem to be underappreciated. The pathomechanisms are additionally com-
plicated by the fact that the effect of alcohol intoxication on the glycoconjugate metabolism depends not only on
the duration of ethanol exposure, but also demonstrates dose- and regional-sensitivity. Further research is need-
ed to bridge the gap in transdisciplinary research and enhance our understanding of alcohol- and glycoconju-
gate-related diseases. (Folia Histochemica et Cytobiologica 2012, Vol. 50, No. 1, 1–11)
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Introduction
Roughly 2 billion people worldwide consume alco-
holic beverages, and there are 76.3 million with di-
agnosable alcohol use disorders [1]. Consumed eth-
anol is metabolized by oxidative and nonoxidative
pathways [2–4]. Three metabolic oxidative pathways
of ethanol have been described so far. They involve
the following enzymes: alcohol dehydrogenase
(ADH), microsomal ethanol oxidizing system
(MEOS), and catalase. The bulk of ingested etha-
nol is metabolized oxidatively by ADH in the stom-
ach and liver, but oxidation in non-habitual alcohol
consumers is carried out mostly by intra-hepatic
ADH where alcohol is metabolized at its first pass
[5, 6]. Catalase is capable of oxidizing ethanol in the
presence of a H2O2-generating system (mostly in vit-
ro) and under physiological conditions appears not
to play a major role. During ethanol metabolism,
formed acetaldehyde is subsequently oxidized to
acetate through the action of aldehyde dehydroge-
nase [5]. Chronic and high ethanol consumption re-
sults in a proliferation of the liver smooth endoplas-
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mic reticulum, inducing cytochrome P-4502E1
(CYP2E1), in particular through a rise in mRNA
and posttranscriptional mechanism of tolerance in-
volving stabilization against degradation [5]. The
nonoxidative estrification pathways are able to me-
tabolize no more than 0.1% of ethanol [7]. Fatty acid
ethyl esters (FAEEs) are estrification products of
ethanol and fatty acids or fatty acyl-CoA. This non-
oxidative pathway is mediated by cytosolic and mi-
crosomal FAEE synthase and occurs mainly in the
organs commonly damaged by alcohol (pancreas, liv-
er, heart, and brain) [2].
Glycoproteins, glycolipids, and proteoglycans are
referred to as glycoconjugates or complex carbohy-
drates. The biological roles of the oligosaccharide
units of individual classes of glycoconjugates include:
maintaining conformation and stability of proteins,
being a target for receptors on microorganisms and
the masking of such target structures, control of the
half-life of conjugated proteins and cells, modula-
tion of glycoconjugate functions, mediating of
ligands binding, as well as cell-matrix and cell-cell
interactions [8]. The metabolism of glycoconjugates
involves several intricate metabolic steps including
protein or ceramide synthesis, glycosylation, secre-
tion, elimination and/or degradation (Figure 1). Gly-
cosylation and subsequent steps of glycoconjugate
metabolism require a glycosyl carrier and adequate
precursor supplies, endomembrane transport and
multiple glycosyltransferase and glycosidase systems,
function of tubulin, receptors, and lysosomal com-
plexes [9, 10].
As the bulk of ingested ethanol, and most serum
glycoproteins, are metabolized in the liver, both me-
tabolisms interfere with each other, resulting in gly-
coconjugate metabolic errors [9, 10].
The mechanisms of ethanol action
Ethanol, acetaldehyde, generated ROS, non-oxida-
tive metabolites of ethanol (e.g. FAEEs), and the
ethanol-water competition mechanism may all be in-
volved in the toxic effects of alcohol on the metabo-
lism of glycoconjugates [2–4, 11–19]. In particular,
the highly reactive acetaldehyde is capable of form-
ing adducts with amino groups (Schiff bases) and
sulfhydryl groups of proteins (Figure 2), interfering
with some of the glycoconjugate metabolic steps, e.g.
decreasing activity of glycosyltransferases in rat brain
and liver causes morphological changes of the Gol-
gi complex and decreases the secretory process by
inhibiting tubulin polymerization [9]. Induced
CYP2E1 generates reactive oxygen species (ROS)
such as superoxide radical and hydrogen peroxide
(Figure 3). In the presence of iron, which increases
during ethanol intoxication, more powerful oxidants
such as hydroxyl radicals, ferryl species, and 1-hy-
droxyethyl radicals, are produced [20]. ROS can pro-
Figure 1. Steps of glycoconjugate metabolism. ER — endoplasmic reticulum; MB — microtubules; G — Golgi complex;
L — lysosomes. Italic characters describe steps of metabolism
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Figure 2. Modification of amino (A) and sulfhydryl (B) groups of amino acids by acetaldehyde. Protein adduct formation (C)
Figure 3. Ethanol-induced generation of reactive oxygen
species and its toxicity to membranes and extracellular
matrix. CYP2E1 — cytochrome P-4502E1; NADPH —
reduced nicotinamide adenine dinucleotide phosphate;
ECM — extracellular matrix; Fe — iron; O2
-· — superoxide
radical; H2O2 — hydrogen peroxide; 
·OH — hydroxyl
radicals; FeO — ferryl species; CH3·CHOH — 1-hydroxy-
ethyl radical; PUFA — polyunsaturated fatty acids; LOOH
— reactive lipid aldehydes; MDA — malondialdehyde;
HNE — 4-hydroxynonenal
mote conformational changes of proteins by protein
oxidation, they can inactivate enzymes, they can de-
grade proteoglycans, and they can cause oxidative
damage to the DNA. The oxidative reductive depo-
lymerization of hyaluronate (the constituent of pro-
teoglycans) proceeds essentially by random destruc-
tion of unit monosaccharides due to oxygen-derived
free radicals, followed by secondary hydrolytic cleav-
age of the resulting unstable glycosidic substituents
[21]. ROS, via lipid peroxidation and the produc-
tion of reactive lipid aldehydes such as malondial-
dehyde and 4-hydroxynonenal, which are diffusible
molecules, can damage cellular membranes (Figure 3,
Table 1) [20].
Ethanol oxidation to acetaldehyde and to acetic
acid is accompanied by an excessive reduction of nic-
otinamide adenine dinucleotide (NAD), with a shift
in the NADH/NAD ratio (Figure 4). Chronic etha-
nol consumption decreases activity of almost all mi-
tochondrial complexes (excluding complex II) e.g. it
decreases activity and heme content of cytochrome
oxidase, decreases electron transport and proton
translocation through complex I, decreases cyto-
chrome b content in complex III, and reduces func-
tion in ATP synthase complex [22].
Thus, cell energy metabolism and ATP availabili-
ty is markedly limited and, together with elevated
NADH/NAD ratio, it lowers carbohydrate and lipid
metabolism and finally causes a decrease in gluco-
neogenesis and the diversion of metabolism to keto-
genesis and fatty acids synthesis [3, 4, 19]. Incorpo-
rated into membranes, FAEEs have been shown to
cause uncoupling of oxidative phosphorylation in
mitochondria and an increase in membrane fluidity
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Table 1. Mechanisms of ethanol-induced increase in membrane permeability
Molecule/Metabolite Mechanism Effect Consequence Reference
Ethanol Water displacement and hydrogen Reduction in membrane surface
bonds destroying, activation  hydration and
of glycohydrolases (sialidase)   liberation of functional groups
Acetaldehyde Modification of amino acid residues Reduction in the positive charge
of membrane proteins by reacting of proteins and lipids
with free amino and sulfhydryl groups
ROS Lipid peroxidation and lipid Outer side exposure of
hydroperoxide formation phosphatidylserine
Protein disruption  Conformational changes
NAD+/NADH ratio Decrease in ATP synthesis Impairment in ion channel
functions (Na+, K+, H+)
FAEE Formation of the esters of free Changes in membrane Decrease
fatty acids with ethanol  fluidity in membrane
 stability
FAEE — fatty acid ethyl esters; NAD+, (NADH, H+) — nicotinamide adenine dinucleotide-oxidized (reduced) form; ROS — reactive oxygen species
[2]
[4]
[5]
[9]
[11]
[12]
[16]
[18]
[19]
[23]
[24]
Impairments
in membrane
charge value
and
in membrane
stabilization
[2, 23]. Thus, disorder in the membrane bilayer and
increase in the lysosomal fragility develop (Figure 5).
Hydrolysis of FAEEs produces free fatty acids which
are able to regulate molecular processes including the
transcription process [2]. Membranes serve as a prox-
imate site of alcohol action [24]. Ethanol and water
compete with each other on target membrane mole-
cules (Figure 6). Glycoproteins attract a large volume
of water (up to 95%). Thus displacement of water by
ethanol from hydrogen-bonded sites creates the op-
portunity for allosteric changes that lead to confor-
mational changes of membrane glycoconjugates [24].
All the abovementioned mechanisms are involved,
directly or indirectly, in the destabilization of lysoso-
mal and cellular membranes (Table 1). Therefore, the
profound direct and indirect effect of alcohol on the
function of membrane-bound macromolecules such
as enzymes, ionic transport systems, surface recep-
Figure 4. Mechanisms of ethanol-induced metabolic disturbances. NAD, (NADH) — nicotinamide adenine dinucleotide-
oxidized (reduced) form; NAD, — lack of NAD; Æ — inhibited pathway
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Figure 5. Synthesis and incorporation of fatty acid ethyl
esters into membranes. FA — fatty acids;
EtOH — ethanol; FAEEs — fatty acid ethyl esters;
FACoA — fatty acid acyl-CoA
tors, and second-messenger enzyme systems, may
destroy an order in the physico-chemical microenvi-
ronment that is necessary for the proper interaction
of membrane lipids, proteins and glycoconjugates [25].
Glycoconjugate biosynthesis
The glycan chains of glycoproteins are nearly always
covalently linked to functional groups of amino acid
side chains within a protein (GlcNAcb1-Asn in N-gly-
cans and GalNAca1-Ser or –Thr in O-glycans) [26].
The protein moiety of glycoprotein is synthesized in
rough endoplasmatic reticulum (Figure 1) [27]. Dur-
ing the translocation process from cytoplasm, through
the aqueous pores of endoplasmic reticulum mem-
brane (ER), to endoplasmatic reticulum, pre-pro-
polypeptide chains undergo modifications including
N- or O-glycosylation and folding assisted by chaper-
ones [27]. The biosynthesis of glycans is a complex
process that occurs along the secretory pathway [28].
The synthesis of asparagine-linked oligosaccharides
of glycoproteins involves long-chain polyprenol doli-
chol which acts as a glycosyl carrier in the process of
protein N-glycosylation [29, 30]. The synthesis of
O-glycosidically linked saccharide chains requires indi-
vidual nucleotide-activated monosaccharides added
by site-specific glycosyltransferases in a stepwise man-
ner [26]. Properly folded glycoproteins are transport-
ed along microtubules, due to vesicular transport by
microtubule directed motor complex of dynein/dynac-
tin or kinesin, to the pre-Golgi compartment. From
this pre-Golgi compartment, glycoconjugete pass
through the cis-, media-, and trans-Golgi network.
During the intracellular transport, glycoconjugates are
subjected to posttranslational modifications which
include glycosidic and proteolytic processing, and the
final phosphorylation [27]. Proteoglycans are conju-
gated of at least one covalently bound glycosaminogly-
can chain, which may be heterogenous, attached to
a protein core [26]. The biosynthetic pathway of gly-
cosphingolipids follows the strategy used for
O-glycans or glycosaminoglycans, where individual
monosaccharides are added in a stepwise manner
from nucleotide-activated precursors by specific gly-
cosyltransferases [26].
Ethanol can inhibit both the early step of glyco-
protein biosynthesis (dolichol-phosphate-dependent)
at pre-Golgi process, and the terminal glycosylation
and packaging (glycosyltransferase and free-dolichol-
dependent, respectively) at Golgi process [29]. Alco-
hol metabolism gives rise to the generation of exces-
sive amounts of ROS [31, 32]. Dolichol has been
found to be very sensitive to attack by free radicals
[33], thus its function is easily declined during alco-
hol-induced oxidative stress. Acetaldehyde (the main
metabolite of alcohol oxidation) has been reported
to bind covalently to proteins of Golgi membranes
(including to glycosyltransferases), decreasing termi-
nal glycosylation at the level of the Golgi apparatus
[9, 10, 29, 30]. An increase in NADH/NAD+ ratio
during drinking decreases ATP production by glyco-
lytic pathway and citric acid cycle. Hence, the decrease
in ATP availability may also limit synthesis of glyco-
conjugate [12]. Chronic exposure to ethanol has been
shown to suppress the synthesis of DNA, RNA, and
protein core [34]. The effects of ethanol depend on
the tissue region (e.g. ethanol decreases protein syn-
thesis in the cortex, cerebellum and brain stem, but
not in the midbrain; the same dose of ethanol selec-
tively decreases liver proteins in plasma, but does not
affect extrahepatic proteins) and duration of expo-
sure (e.g. the protein translation mechanism seems
to be particularly susceptible to chronic ethanol ex-
posure as compared to acute drinking) [35, 36].
Figure 6. Mechanism of ethanol-water competition
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Numerous reports have indicated that the main
mechanism responsible for reduced protein synthe-
sis is the formation of acetaldehyde-protein adducts
with subcellular regulators of synthesis [4, 6, 37, 38].
Ethanol reduces activation of translation initiation
factors involved in the binding of met-tRNA to the
40S ribosomal subunit e.g. it reduces initiation fac-
tor 2B (eIF2B) and the initiation factors involved in
the binding of mRNA to the 43S preinitiation com-
plex eIF4E [13]. Chronic ethanol treatment has been
shown to reduce the RNA content of muscles by
21%, ribosome concentration by 22%, and ribosome
content by 39% [35]. However, there were no chang-
es in the steady-state levels of ribosomal protein
mRNA and 18S rRNA. This may suggest that either
ribosome synthesis or breakdown was increased.
Some studies have also implicated the generation of
ROS and enhanced lipid peroxidation in the mem-
brane damage that reduce amino acid transport that
is necessary for protein core synthesis [13]. Endoge-
nously generated FAEEs have been found to be the
transcriptional regulators of nuclear hormone recep-
tors of the peroxisome proliferator-activated recep-
tor (PPAR) family [2]. Also, free fatty acids have
been shown to act as transcriptional regulators in
the PPAR family [2]. Incubation of pancreatic aci-
nar cells with ethanol has been found to decrease
protein synthesis by 20–30%. The hydrolysis of
FAEEs in these cells gave free fatty acids that were
suggested to inhibit transcription.
Modification, transport and
secretion of glycoconjugates
The balance between the action of glycosyltransferas-
es and glycohydrolases (glycoconjugate synthesis and
degradation balance) maintains the integrity of com-
plex carbohydrates (Figure 1) [10, 39]. After heavy al-
cohol drinking, an abnormal glycosylation of glycopro-
teins and glycolipids (due to decreased activity of glyc-
osyltransferases including galactosyltransferase, sialyl-
transferase, N-acetylglucosaminyltransferase, and
increased activity of sialidase) and decreased secretion
(due to inhibited polymerization of tubulin) of glyco-
proteins and glycolipids, have been reported [28, 40,
41]. Carbohydrate-deficient transferrin (CDT) has
been widely investigated as one of the most valuable
markers for monitoring chronic alcohol abuse [9, 10,
30]. CDT is a mixture of the asialo, monosialo or disia-
lo isoforms of transferrin, the N-glycosylated protein.
It appears in serum after regular high alcohol intake
[9]. Similarly, the hepatic sialylation of apoprotein E
(apoE), the O-glycosylated protein which is the com-
ponent of plasma lipoprotein, has been decreased by
chronic ethanol ingestion [42]. The inhibition of sialyl-
transferase and the induction of plasma sialidase (two
enzymes involved in protein sialylation and desialyla-
tion respectively) have been considered to increase
serum CDT and sialic acid-deficient apoE levels [10].
The destabilization of sialyltransferase (ST) mRNA by
accelerating its degradation and the decrease in the
hepatic synthetic rate of ST result in a concomitant
decrease of steady-state level ST mRNA [4, 42].
It is very likely that increased presence of asialo-
conjugates and free sialic acid after alcohol exposure
are promoted by increased transcription rates of cy-
tosolic and plasma membrane sialidase mRNA (CS
and PMS, respectively), whereas lysosomal sialidase
and its mRNA are downregulated [43]. On the other
hand, ethanol treatment inhibits activity of mannosi-
dase II (most likely by acetaldehyde adduct forma-
tion), resulting in the synthesis of cell surface glyco-
proteins with high mannose structures [28]. The in-
crease in the uptake of several monosaccharides de-
pends on the type of monosaccharide, and on the cell
type, as well as on the dose and the duration of alco-
hol consumption. Given that long-term ethanol ex-
posure modulates the function of carbohydrate trans-
porters located in the plasma membrane e.g. decreas-
es uptake of glucose in astrocytes or increases in my-
otubes (decrease or increase in the levels of glucose
transporter — GLUT), so a decrease in monosaccha-
ride availability to glycosylation may also participate
in inhibition of the glycosylation process [28].
Glycosylation of proteins is required for their prop-
er folding, secretion, and stability [28, 44]. Thus, afore-
mentioned ethanol-induced glycosylation disturbanc-
es (as increased deglycosylation), may impair folding
of the glycoconjugates, their transport through the
secretory pathway, and may contribute to a decrease
in their life-span, subsequent distribution or subcel-
lular localization [28, 44]. Exposure to ethanol, spe-
cifically to its metabolite acetaldehyde, causes mor-
phological changes of the Golgi complex with an ac-
companying binding of the aldehyde to the proteins
of the secretory fraction F1 which contains the high-
est amount of glycosyltransferases [29]. Acetaldehyde
may impair the glycoprotein secretion process by in-
hibiting polymerization of tubulin [9]. Tuma et al. [11]
have suggested that acetaldehyde can form adducts
with the sulfhydryl groups of tubulin, the contractile
protein necessary for secretion process. Diminished
secretion could also be due to alcohol-induced alter-
ation in glycoconjugate receptor, as a result of a de-
crease in its mRNA [45].
Alcohol exposure not only affects the microtubules’
polymerization, but also affects actin filaments and
reduces expression levels of the motor proteins kines-
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in and dynein, which play important roles in post-Golgi
trafficking. Pre-Golgi transport (from endoplasmic retic-
ulum to Golgi) may be affected by long-term alcohol
exposure due to lowered exposure of regulators and ef-
fectors of GTPases (e.g. Rab, Rac) [45]. Different stud-
ies have described ethanol-induced impairments in exo-
cytosis, endocytosis and nucleocytoplasmic transport
that are involved in intracellular traffic of glycoconju-
gates [45, 46]. Generally, two trafficking pathways are
affected: transport of newly synthesized secretory or
membrane glycoproteins from Golgi to the basolater-
al membrane, and clathrin-mediated endocytosis from
the cell surface [46]. Both impaired secretion and in-
ternalization processes are associated with ethanol
metabolism, being likely mediated by acetaldehyde.
Catabolism of glycoconjugates
It is known that alcohol impairs the function of al-
most all enzymatic cell systems [47, 48]. Lysosomal
enzymes are involved in the catabolism of glycolip-
ids, glycoproteins, and proteoglycans [19, 49]. The
stabilization and improved biological resistance of
glycoconjugates to proteolytic attack are due to the
function of its carbohydrate side-chains [50]. Deg-
radation of glycoproteins to monosaccharides and
amino acids occurs by disassembly of the protein and
oligosaccharides at the oligosaccharide-protein link-
age region, with subsequent breakdown of proteins
to amino acids and release of sugar monomers from
nonreducing ends of oligosaccharide chains by the
set of exoglycosidases [27, 51, 52]. It has even been
proposed that deglycosylation of glycoconjugates
may be a critical initial step leading to their subse-
quent proteolysis [19, 50, 53]. Various mechanisms
are responsible for the alcohol-induced increase in
the activity of lysosomal enzymes in extracellular
space (including serum) e.g. increased lysosomal
membrane permeability and leakage of the enzyme
from lysosomes and subsequently from cells to the
body fluids, delayed removal of the enzymes from
the fluid, impaired glycosylation and subsequent traf-
ficking of lysosomal hydrolases to organelles, en-
hanced synthesis of the enzyme by activated leuco-
cytes, or leakage from damaged cells [16, 18, 37, 47,
54–56]. During ethanol intoxication, the cellular and
lysosomal membranes are impaired (Table 1), and
proteases, together with glycosidases, may be trans-
located into the cytosol fraction, the intercellular
space, and the body fluids, contributing to glycocon-
jugate catabolism [49, 51, 57, 58]. Acetaldehyde and
reactive oxygen species, generated during alcohol in-
toxication, may modify proteins and lipids in the ly-
sosomal and cellular membranes, increasing mem-
brane fragility, thus releasing hydrolases to the cy-
tosol and extracellular space (Figures 2, 3) [48, 51,
58]. The ethanol-induced displacement of mem-
brane-bound water (Figure 6) and decrease in ATP
synthesis during alcohol consumption may also par-
ticipate in destabilization of cellular membranes [24,
58]. The nonoxidative pathway products of ethanol
metabolism, fatty acid ethyl esters (FAEEs), formed
by FAEE synthase, have been shown to produce
changes in membrane fluidity (Figure 5), which has
been shown to increase lysosomal fragility [2, 59].
The extent of lysosomal membrane permeabilization
determines the kind of cellular damage; from apop-
tosis in limited releasing of hydrolases, to necrosis
and uncontrolled death in complete lysosomal mem-
brane disruption [49].
Inadequately protected intestinal mucosal surface
due to impaired glycoprotein synthesis and secretion
[38] becomes considerably more permeable than nor-
mally protected mucosa for gut endotoxin (LPS-li-
popolysaccharide) [60]. LPS binding to endotoxin
receptor CD14, activates Kupffer cells to produce
various mediators such as prostaglandin D2 and E2
(PGD2, PGE2), reactive nitrogen and oxygen species
(RNS, ROS), endothelin-1 (ET-1), tumor necrosis
factor-a (TNF-a), and interleukin 1 and 6 (IL-1, IL-6)
[61–63]. The ‘swift increase in alcohol metabolism’
(SIAM) is due mostly to the PGE2 production [60,
64]. Subsequent to hepatic hypermetabolic state
(SIAM) hypoxia and ROS formation, may result in
liver cell death and additional hydrolase releasing [60,
65]. An increased synthesis of lysosomal enzymes
during reticuloendothelial cell activation may enhance
degradation of linked oligosaccharides with subse-
quent tissue damage [56]. Damaged cells as well as
the regeneration processes induced by ethanol me-
tabolites (as those released by activated reticuloen-
dothelial cells e.g. Kupffer cells), may be in turn the
source of increased lysosomal enzyme activities in
serum [18, 66, 67]. The decreased clearance of lysos-
omal enzymes from the blood has been proposed to
be an explanation for an increase in their blood activ-
ity. However, a higher level of precursor forms with
higher molecular weight than intracellularly localized
enzyme forms, seems to be due to increased produc-
tion and secretion, rather than to decreased elimina-
tion or leakage from damaged cells [54].
As most lysosomal enzymes are glycoproteins,
which are carbohydrate moieties consisting of aspar-
agine-linked complex and high-mannose oligosaccha-
rides [68], we can speculate that the same mechanisms
which are involved in decreased synthesis, modifica-
tion, transport, clearance and degradation of glyco-
proteins during alcohol drinking, may also contrib-
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ute, in some degree, to the slow recovery in the activ-
ity of some of these lysosomal enzymes. The forma-
tion of ROS and acetaldehyde adducts makes conju-
gated proteins more susceptible to proteolysis [15].
ROS, separately, are capable of degrading some of
the glycoconjugates [69]. ROS and hydroxyl radicals
in particular have been demonstrated to be capable
of the degradation of the major extracellular matrix
components: collagen, proteoglycans and glycosami-
noglycans (Figure 3).
Non-sulphated glycosaminoglycans (GAGs) such
as hyaluronian and chondroitin are the most suscepti-
ble to ROS fragmentation. Moseley et al. [69] even
proposed that lysosomal glycosidases, derived from
polymorphonuclear leukocytes, exert no degradation-
al effect upon intact degradation of glycoconjugates
by ROS. This effect is thought to occur via the random
modification to the unit monosaccharides, followed by
the hydrolytic cleavage of the unstable constituents.
Ethanol and water compete with each other on target
membrane molecules, creating the opportunity for al-
losteric changes (Figure 6) [24]. Sialoglycoconjugates
are normally poorly accessible to sialidase. Thus, dis-
placing water, ethanol may lead to conformational
changes of glycoconjugates, making them more acces-
sible and vulnerable to enzymatic degradation [24, 39].
Elimination of glycoconjugates
The aging and the half-life of serum glycoconjugates
depend on the loss of carbohydrate side-chains [4,
66]. Carbohydrate side-chains increase their elimi-
nation time by different carbohydrate-specific recep-
tors and their subsequent lysosomal degradation
[10]. The receptors for clearance of specifically ter-
minated glycoproteins (e.g. galactose-, fucose-, or
mannose- terminated) have been found on hepato-
cytes, phagocytic cells (e.g. on Kupffer cells), and
on the hepatic endothelial cells [70]. Chronic etha-
nol administration has been shown to decrease the
asialoglycoprotein receptor content in rat hepato-
cytes [71], which elevated levels of desialylated gly-
coproteins. It provided evidence for derangements
in the carbohydrate recognition system in alcohol-
ics [66]. Besides the tendency of activated reticuloen-
dothelial cells to release lysosomal enzymes, these
cells might contribute in part to their clearance upon
activation [56].
Dose-dependence and time of
consumption-dependence
A single high dose of ethanol (2 g/kg) as well as chronic
drinking decrease whole-brain total sialic acid (SA),
lipid- and protein-bound SA [72, 73], increasing free
SA in tissues including serum [74, 75]. These changes
may be ascribed to the active sialidase-mediated cat-
abolic processes in acute and chronic drinking. A sin-
gle ethanol dose of 0.55 g/kg showed no effect on the
content of gangliosidic SA in the brain [25], whereas
doses of 1–2 g/kg caused significant decrease in total
brain SA; larger doses of 3–6 g/kg were ineffective
[74]. Stimulation of sialidase by 1–2 g/kg dose of eth-
anol has been found to be the reason for reduced to-
tal SA, whereas ineffective larger doses of 3–6 g/kg
could have been inhibiting sialidase [24]. Acetalde-
hyde effect was excluded as a reason of degradative
changes because SA levels were also reduced by
t-butanol [24]. Desialylated or hyposialylated gangli-
osides are the source of the reduced sialic acid in lip-
ids [24]. Although an acute dose of ethanol has been
found to decrease total brain gangliosides (by up to
40%) [76], surprisingly, no major effect of chronic
drinking has been found on any of the ganglioside
species [77]. According to total tissue SA levels, gan-
glioside decrement was observed at 1–2 g/kg of single
ethanol injection, but not at larger doses [25]. Thus,
the reason why a larger dose does not induce gangli-
osides decline might also be the inhibiting effect of
such a dose on the activity of catabolic enzymes (e.g.
on sialidase). Tolerance to alcohol may be responsi-
ble for the lack of significant changes in gangliosides
during repeated alcohol exposure (chronic drinking),
which often is attributed to changes in membrane
composition (e.g. in increased cholesterol content)
that make it more difficult for ethanol to fluidize
the membrane interior [24]. In acute alcohol intoxi-
cation, an enhanced catabolic process of proteins
which constitute a core of glycoconjugates and
a subsequent rise in ribosomal protein mRNAs may
be a transient but significant response to induced
metabolic stress [35]. In chronic intoxication, an
unaltered steady-state level of the ribosomal protein
mRNAs may suggest an adaptive response in which
ribosomal protein mRNAs return to the level of con-
trols, or may be ascribed to the aforementioned ef-
fect of membrane tolerance [35].
The different effects of chronic vs. acute ethanol
exposure may depend also on cytokine production.
For example, an acute ethanol exposure suppresses
the LPS-induced clustering of Toll-like receptor
(TLR4) and CD14, whereas chronic ethanol expo-
sure exhibits a greater amount of expression of CD14,
following LPS exposure [78]. LPS induces cytosolic
phospholipase A2 activation (which is linked to mu-
cin synthesis impairment) [79] and TNF-a1 protein
production (which affects proteolysis) [80]. Therefore
chronic ethanol exposure throughout LPS induced
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cytokine production impairs glycoconjugate synthe-
sis to a higher degree than acute exposure. Also
Ohtake et al. [81] reported an opposite metabolic ef-
fect of acute to chronic ethanol intoxication. A large
single ethanol dose reduced rat liver synthesis of
proalbumin by 53%, whereas chronic exposure in-
creased its levels up to 1.5 fold. Most salivary pro-
teins are referred to as glycoproteins [4, 6, 82]. A sig-
nificant decrease in salivary total (glyco)protein con-
centration, with an accompanying decrease in the
activity of peroxidase and lysozyme concentration in
acute ethanol intoxication, has been reported [6].
Chronic ethanol ingestion has been found to cause
an increase in total salivary (glyco)protein concen-
tration, with increased activity of peroxidase and
lysozyme concentration [83]. The catabolic effect of
ethanol on glycoconjugate is active in both acute and
chronic intoxication as described on the basis of in-
creased glycosidase activities (e.g. sialidase and b-hex-
osaminidase) [18, 24]. However, less depressive ef-
fect of chronic intoxication on glycoconjugate (gan-
gliosides, glycoproteins) content may depend on
mechanisms of membrane tolerance, and on higher
resistance of adapted metabolism to alcohol in which
active catabolic processes may be compensated by
increased glycoconjugate synthesis (increase in gly-
coconjugate turnover), as previously described by
Cunningham et al. [35]. Glycoconjugate metabolism
is also regionally differentiated. While chronic alco-
hol intake has been found to greatly reduce whole-
brain sialic acid levels, a reduction in the medulla and
in the forebrain did not develop [72]. In the cortex,
cerebellum and brain stem, acute intoxication de-
creases protein synthesis, whereas the midbrain is not
affected [25, 35, 36].
Concluding remarks
The proposed mechanisms of alcohol-induced glyco-
conjugate metabolic errors are crucial in understand-
ing the multifactorial pathogenesis of alcohol use dis-
orders and alcohol related diseases.
The pathomechanisms are additionally complicat-
ed by the fact that the effect of alcohol intoxication
on the glycoconjugate metabolism depends not only
on the duration of ethanol exposure, but it is also dose-
and regionally-dependent.
Ethanol impairs the biosynthesis, transport, mod-
ification, as well as the elimination and catabolism of
many diverse glycoconjugates. The precise mecha-
nisms of all ethanol actions are yet not well under-
stood. Among the glycoconjugate related diseases
induced by ethanol exposure, fetal alcohol syndrome
(FAS) and alcoholic liver disease (ALD) are the best
characterized [84–89]. However, our understanding
of the role of alcohol in these diseases, as well as in
alcohol dependence syndrome, alcohol-associated
carcinogenesis etc, is still to be improved.
It is considered that most changes in the glyco-
conjugate metabolism are due to alterations in their
synthesis, transport, glycosylation and secretion [9,
38, 39], but the elimination and degradational pro-
cesses in particular have not yet been satisfactorily
understood. Further research is needed to bridge the
gap in transdisciplinary research to enhance our un-
derstanding of alcohol- and glycoconjugate-related
diseases.
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